Objective-Age and high blood pressure are major risk factors for cerebral microbleeds (CMBs). However, the underlying mechanisms remain unclear and arterial stiffness may be important. We investigated whether carotid arterial stiffness is associated with incidence and location of CMBs. 
C erebral microbleeds (CMBs), visualized as hypointense lesions on T2*-weighted gradient echo MRI, frequently occur in older people 1, 2 and are associated with an increased risk of (recurrent) stroke, cognitive impairment, and dementia. [3] [4] [5] [6] Histopathologic studies show that CMBs represent hemosiderin deposits from microvascular leakage and commonly relate to the 2 different small vessel pathologies of cerebral amyloid angiopathy and hypertensive arteriopathy. CMBs resulting from cerebral amyloid angiopathy are predominantly located in lobar regions, whereas those from hypertension are in deep hemispheric or infratentorial locations. 7 Although advancing age and high blood pressure (BP) are established risk factors for CMBs, 1,2 the mechanisms through which these processes lead to CMBs are not fully understood.
One hypothesis concerning the underlying pathways leading to CMBs is arterial stiffening in the media in the vessel wall. The elasticity and compliance of the arterial wall decrease with advancing age and in the presence of hypertension. In particular, arterial stiffening impairs the cushioning function of large to medium-sized arteries, which increases pulsatility of blood flow that transmits excessive power distally. This power may damage small vessel walls and lead to tearing of endothelial and smooth muscle cells, particularly in high-flow organs such as the brain. [8] [9] [10] [11] Early endothelial damage to the blood-brain barrier may initiate a pathological cascade via CMBs, causing insufficient perfusion and subsequent parenchymal damage. 12 Carotid arteries are the main conduits that supply blood to the brain and undergo a more pronounced age-related increase in arterial stiffness than peripheral muscular arteries. 13 Local measurement of carotid arterial stiffness has been found to be associated with incident ischemic stroke.
14 Recently, a cross-sectional report from the 3C-Dijon study showed that local carotid stiffness was associated with larger volume of white matter hyperintensities, which is another manifestation of cerebral small vessel disease that is primarily ischemic in origin. 15 As yet, no study has explored the intriguing link between carotid ultrasound-based local arterial stiffness and bleedingprone CMBs. We thus investigated whether local carotid arterial stiffness at baseline is associated with incident CMBs in a well-characterized large population-based cohort of older men and women ( Figure) . We hypothesized that carotid arterial stiffness would be associated with the development of new CMBs. Given the spatial distributions of the underlying arteriopathies in which hypertensive arteriopathy typically affects the small perforating end-arteries of the deep structures, 16 we further hypothesized that the associations would be more robust for deep CMBs attributed to hypertensive arteriopathy.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results
The mean age of the study population at baseline was 74.6 years and 58.5% were women. In total, 18.4% (n=463) of the participants had incident CMBs, of whom 63.1% (n=292) had incident strictly lobar CMBs and 36.9% (n=171) had incident deep CMBs (Table 1) . Of those who had incident CMBs located in a deep brain region, 63 people also had ≥1 incident lobar CMBs. Among participants who had no prevalent CMBs at baseline (n=2082), 329 (15.8%) had completely new onset CMBs ( Figure I in the online-only Data Supplement). Of those with baseline and incident CMBs (n=134), 64 people had baseline and incident CMBs occurring in a strictly lobar location and 31 had both in a deep location.
All carotid stiffness parameters showed significant intercorrelations, with effect sizes of correlations being moderate to high (Table II in the online-only Data Supplement) . People with decreased distensibility coefficient (DC; in the lowest quartile) were slightly older and more likely to be current heavy alcohol drinkers and use BP-lowering drugs and had higher prevalence of hypertension, diabetes mellitus, stroke, and carotid plaque and higher levels of BP (Table 2 ). In particular, the strong relationship between BP and DC can be seen in the large differences in the distribution of BP between quartiles of DC. The quartiles of DC are shown only for illustration of the association between DC and other baseline characteristics; the whole continuum of the values was assessed in the main analyses.
After 
Discussion
In this prospective population-based cohort study of men and women aged >65 years who had no dementia at baseline, we found that local measures of carotid arterial stiffness were associated with an increased risk of incident CMBs. The associations were restricted to CMBs in the deep or infratentorial brain regions. These associations with CMBs were consistent across the different stiffness indices studied and also persisted after additional adjustment for cardiovascular risk factors including BP, the presence of carotid plaque and ischemic cerebral small vessel disease, suggesting that they were not simply because of confounding by carotid atherosclerosis or other vascular mechanisms.
To the best of our knowledge, the present study is the first to examine the association between ultrasound-based local carotid stiffness indices and incidence of CMBs. We are aware of several previous studies that examined the association of brachial-ankle or carotid-femoral pulse wave velocity with the presence of CMBs. 10, 17, 18 Those results based on indirect measures of regional arterial stiffness over a certain arterial length are consistent with our results. More recently, local carotid stiffness measures have been reported to be associated with larger volume of white matter hyperintensities. 15 Our results thus lend further support to an association of carotid arterial stiffness with cerebral small vessel disease, and demonstrate the association with incident CMBs, which are pathologically rather specific to leakage and hemorrhage from damaged arteriolar walls and may reflect a crucial stage in the pathogenesis of cerebral small vessel disease. 12 Although the underlying mechanisms of the observed associations between carotid arterial stiffness and CMBs have not been fully elucidated, there are several explanations. The brain is a high-flow organ and particularly sensitive to excessive pressure and flow pulsatility. 9 Arterial stiffening may prevent the cushioning of flow pulsations created by left ventricular ejection. In this scenario, high local blood flow in the brain is associated with low microvascular impedance, which facilitates transmission of excessive pulsatile energy into the cerebral microcirculation. 9 Increased pulsatile stress may lead to damage in the endothelium and smooth muscle cells disrupting cerebral small vessels. 11 A stiffened artery may also increase pulse-wave velocity, which potentially causes wave reflections to appear earlier in the cardiac cycle and may further augment central systolic BP. 19, 20 However, this hypothesis has recently been disputed. 21 As carotid artery is a predominantly elastic artery, like the aorta, stiffness of the carotid may represent a surrogate for aortic stiffness. In the subsample (n=506) of our study population who had available carotid-femoral pulse wave velocity measurements (a global estimate of arterial pulse wave velocity through the entire aorta that reflects aortic stiffness), we found moderate correlations between carotid stiffness indices and carotid-femoral pulse wave velocity (correlation coefficients for YEM=0.32, DC=−0.32; both P<0.001). However, it should be noted that the measure of carotid-femoral pulse wave velocity reflects the properties of a mixed elastic and muscular part of the arterial tree 22 and the ascending aorta, which is a prime location of aortic stiffening, is not directly accounted for. 23 Alternatively, carotid stiffness is a proxy for middle-size cerebral artery stiffness and increased aortic pulsatility is transmitted through stiff large vessels (middle cerebral arteries) to the cerebral microvasculature. 24 Our associations were restricted to CMBs located in the deep regions, suggesting the role of hypertensive vasculopathy. CMBs occur in deep regions that are supplied by directly penetrating branches of the deep cerebral circulation. As described earlier by Mitchell et al, 9 these vessels differ significantly from the long, circuitous pial network that supplies the cortical lobes and may have an additional level of protection from excessive central pressure and flow pulsatility. 9 Major strengths of the present study include the large population-based sample of old individuals, the use of standard MRI protocol at both time points, the use of well-validated image processing tool to assess different parameters of carotid arterial stiffness, and accounting for all necessary covariates including ischemic cerebral small vessel disease in the statistical models. A possible limitation of the study is that the selection bias may have influenced the results. People who were included in the analysis were younger and healthier at baseline than those who were excluded (Table I in the onlineonly Data Supplement). In particular, people with worse vascular risk profile or more severe cerebral small vessel disease (those more likely to develop new CMBs) died or were lost to follow-up before they could be recruited into the followup examination. This may have led us to underestimate the true incidence of CMBs and as such the findings in relation to carotid measures may be affected. For instance, the excluded people had increased carotid arterial stiffness and bias would occur if the association between carotid arterial stiffness and CMBs in the excluded people differed from what we found in the included sample. The study also has the limitations of observational research and there remains scope in these estimates for residual bias because of unmeasured or imprecisely measured confounding factors (eg, repeated BP measurements over time instead of BP assessment on a single occasion). Further on the exposure side, given that the effect of a single baseline (carotid stiffness) measurement on future events is subject to regression dilution, we may have underestimated the true associations with CMBs incidence. Individuals with hypertension or other atherosclerotic risk factors were more likely to have stiffer arteries and would likely be put on BP-lowering therapies through the course of the study. The use of BP-lowering therapies may reduce arterial stiffness 25 and thus bias any associations between arterial stiffness and incident CMBs toward the null. DC and YEM were calculated from peripheral brachial rather than central carotid PP, which would provide more accurate stiffness values. However, because central and peripheral PPs converge with aging and the brachial PP has been shown as a good reflection of carotid PP in older individuals, 26, 27 this is unlikely to have affected our findings greatly. If prevalent and incident CMBs were located in different locations (deep versus lobar), then it may be more difficult to identify location-specific risk factors. In our sensitivity analyses, we excluded people whose baseline and follow-up CMBs differed in location; results were essentially unaltered for incident strictly lobar or deep CMBs, suggesting that this location difference is unlikely to have a significant impact on our findings. Our study did not set out to examine the contribution of hemodynamic alterations associated with carotid arterial stiffness to CMBs development. Further studies are needed to evaluate whether hemodynamic manifestations of carotid arterial stiffness such as carotid pulsatile flow load 28 are related to CMBs. The effect size for carotid arterial stiffness in these older individuals was small. Such a small effect size for risk factors associated with incident CMBs is not uncommon, including the effects of other potentially important factors (eg, systolic BP). 29, 30 It is possible that even modest effects of a risk factor may lead to increased size or number of CMBs and possibly symptomatic intracerebral hemorrhage and cognitive impairment with further aging. However, although our findings support the hypothesis that reduction of carotid arterial stiffness might reduce the rate of CMBs, the clinical significance of our findings remains to be established.
In conclusion, independent of carotid plaque and ischemic cerebral small vessel disease, localized increases in carotid arterial stiffness were associated with an increased risk of CMBs. Our findings support the hypothesis that carotid arterial stiffness may contribute to the pathophysiology of CMBs, especially in a deep location. If the above findings are substantiated, CMBs may be amenable to lifestyle or pharmacological interventions targeted specifically at reducing carotid stiffness of elastic arteries in addition to antihypertensive therapies in an aging population.
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